I assessed the role of the chemoreceptors (aortic bodies) supplied by the coronary arteries in the hypertensive response induced by left atrial injection of (200 /ig serotonin) in adult anesthetized dogs. I compared the pressor response induced by serotonin during normal coronary circulation with that during exclusion of the central coronary segments from which the coronary blood supply to the aortic bodies arises. Exclusion of the central segments reduced the pressor response significantly from the control responses. Exclusion of the coronary blood supply of the aortic bodies resulted in a reduction of the control response of more than 50% in only two of the 21 dogs. I conclude that although the aortic bodies supplied by the coronary arteries play a significant role in the total hypertensive response to injected serotonin, their role usually is not predominant.
The Aortic Bodies Supplied by Coronary Arteries in the Dog
Their Contribution to the Hypertensive Response that Follows Serotonin Injection RICHARD W. ECKSTEIN SUMMARY I assessed the role of the chemoreceptors (aortic bodies) supplied by the coronary arteries in the hypertensive response induced by left atrial injection of (200 /ig serotonin) in adult anesthetized dogs. I compared the pressor response induced by serotonin during normal coronary circulation with that during exclusion of the central coronary segments from which the coronary blood supply to the aortic bodies arises. Exclusion of the central segments reduced the pressor response significantly from the control responses. Exclusion of the coronary blood supply of the aortic bodies resulted in a reduction of the control response of more than 50% in only two of the 21 dogs. I conclude that although the aortic bodies supplied by the coronary arteries play a significant role in the total hypertensive response to injected serotonin, their role usually is not predominant.
IN 1939 COMROE 1 confirmed the presence and functional activity of aortic bodies in both cats and adult dogs. He found a coronary blood supply to these receptors in adult cats but was able to demonstrate only an aortic and/ or brachiocephalic blood supply in adult dogs. However, Nonidez 2 had provided histological evidence of a coronary blood supply to cell groups lying at the origin of the aorta in newborn dogs. Rowen et al. 3 and Eckstein et al. 4 first reported a reflex consisting of an acute brief elevation in arterial pressure and heart rate following the injection of serotonin through an intracoronary catheter into the central segment of the left coronary artery (LCA) in adult dogs. They later identified the small vessel(s) originating from the LCA, the occlusion of which blocked the pressor response. In an extensive histological and electrophysiological study of the thoracic chemoreceptors in young and adult dogs Coleridge et al. 5 found these receptors to exist in three groups, namely, at the angle of the right subclavian artery, the aortic arch and pulmonary bifurcation, and between the aorta and pulmonary artery. They showed that the last group received a portion of its blood supply from the LCA.
Eckstein et al. 6 reported a large series of experiments in which they isolated the coronary blood supply of these receptors, assessed the effect of intracoronary injections of various stimulating agents on the pressor reflex, and demonstrated the rich collateral connections to surrounding vessels. They and others 5 suggested that this group of receptors belonged to the group 4 thoracic chemoreceptors.
Recently James et al. 7 found similar receptors near the LCA in man and on the basis of experiments in adult dogs James et al. 8 suggest that the reflex response to 200 /ng of serotonin injected into the left atrium (LA) is almost entirely due to its action on chemoreceptor cell masses supplied by the coronaries, i.e., that the reflex is the province of special "cardiac" chemoreceptors. This reopens the question of the relative role of chemoreceptors supplied by coronary arteries in the total reflex response following the injection of serotonin into the LA, and implies that reconsideration of the classification of the aortic bodies and their blood supply 5 ' 9 might be necessary.
This report describes experiments designed to test whether the primary changes in arterial pressure and heart rate which are induced by injections of serotonin (200 fig) into the LA of adult dogs are due predominatly to the reflex effects of the injected serotonin on the chemoreceptors supplied by the coronary arteries or to its action on other chemoreceptors and/or other structures.
Methods

ANIMAL PREPARATION
Adult mongrel dogs (18.4-29.3 kg) were premedicated with morphine sulfate (30 mg, sc) and anesthetized with sodium pentobarbital (Diabutal) (20-25 mg/kg, iv). Additional pentobarbital was given every 20-30 minutes to maintain anesthesia. A slow drip of a heparinized 50:50 mixture of sodium bicarbonate (17 g/liter) and normal saline into the cannulated right femoral vein was started. Polyethylene cannulas were placed into each of the femoral arteries for later use. Mean arterial pressure (MAP) was monitored and recorded with an Electronics for Medicine recorder and a Statham pressure transducer from the right brachial artery. Heart rate (HR) was recorded with a tachometer triggered by the electrocardiogram (ECG). Intermittent (19/min) positive-pressure respiration with room air and added oxygen was given through a cuffed endotracheal tube and an expiratory pressure of 2 cm of water was used. Arterial Po 2 , Pco 2 , pH, and base were measured with Radiometer equipment on one to three samples of arterial blood and maintained within the physiological range. A left thoracotomy and pericardiotomy were performed.
A polyvinyl catheter (0.34 mm, inner diameter, and 0.909 mm, outer diameter), marked at 0.5-cm intervals, was inserted into the central end of a small ventricular branch of the left anterior descending artery (LAD) and advanced into the aorta to the ostium of the brachiocephalic artery, and heparin (5,000 U) was given intravenously (Fig. IB) . MAP and HR were monitored before, during, and after 5-hydroxytryptamine-creatinine sulfate complex (serotonin), 5 fig, contained in 0.2 ml of normal saline, was injected into the intracoronary catheter with an automatic injector set to deliver the full dose in 3 seconds. After stability of MAP and HR was reestablished the catheter was withdrawn 5 mm and the injection was repeated. (Fig. 1A ). Injections and catheter withdrawal were continued until the point of maximum intracoronary response was found and the approximate position of the catheter tip was noted ( Fig. 1A and C) and utilized to ensure that the cannulations of the LAD described below were distal to the coronary origins of the chemoreceptor blood supply. A catheter was placed into the tip of the LA and was used to record the effect of injections of serotonin of 200 ftg in 2 ml of saline 8 into the LA for purpose of comparing those responses with those recorded after further experimental procedures.
The three major coronary arteries were dissected 2-3 cm from their origins and loose ligatures were passed beneath them. Particular care was taken to avoid their central segments from which the small vessels supplying chemoreceptors were found with the catheter. Heparin (20,000 U) and 100-150 ml of 6% Gentran 75 in 0.9% sodium chloride (dextran) was given intravenously. A 200cm length of tubing (6.35 mm, i.d.) was connected to the Y-tube from the femoral cannulas. The cephalic end of the tube was connected through manifolds to six coronary 2 i 1 .:
FIGURE 1 Effects of injections of serotonin (5 fig) through an intracoronary catheter as the catheter tip is withdrawn distances of 5 mm between injections from its original position in the aorta or brachiocephalic artery on left (A and B) into the left anterior descending coronary artery on right (A and C). An injection was made during each deflection of the third line from the bottom of A.
The small response from the last injection indicates that the catheter lip is slightly distal to the origin of the coronary blood supply of the chemoreceptors. HR = heart rale; A P = mean arterial pressure.
cannulas. Beginning with the right coronary artery (RCA) and followed by the LAD and the circumflex artery (CIRC) each of the vessels was ligated and cannulated peripherally, then centrally ( Fig. 2 , perfusion circuits 1,2, and 3). In circuit 1 during coronary inclusion (since tube B was clamped) blood flowed from the aorta through each of the three coronary ostia and perfused only the branches arising from the central segments.
The mean perfusion pressure (MPP) was set at a level above MAP so that the flowmeter indicated definite retroperfusion of the central segments during coronary exclusion. I attempted to maintain the same pressure differential (i.e., MPP above MAP) during coronary inclusion. Injections of serotonin, 200 pig, were made into the LA at 10-minute intervals as coronary exclusion and inclusion were alternated. After each injection MPP was raised as MAP increased to maintain the same pressure differential and in coronary exclusion to prevent the serotonin from immediately entering the central coronary segments from the aorta. I made three to five comparisons of the effects of LA injections during coronary exclusion with those during coronary inclusion in each of the 10 experiments with circuit 1. Two objections were raised to this group of experiments. The first was concerned with the lower than normal rate of inflow into the central coronary segments during coronary inclusion, because they perfused decreased muscle mass. Such reduced flow may have decreased the amount of serotonin reaching the chemoreceptors, and this could result in a decreased or delayed response or both. Second, I was concerned with the greater than normal MPP in the peripheral segments during both coronary exclusion and inclusion. In six experiments I increased central segment inflow during coronary inclusion by clamping the inflow to the manifold during coronary inclusion so that the central segments also perfused the distal segments via the cannulae tubing and manifold ( Fig. 2 , perfusion circuit 2). Measurements of peripheral segment pressures showed them to be only slightly lower than MAP.
In five final experiments I modified the setup to increase both central segment inflow during coronary inclusion and to reduce the peripheral segment MPP to the level of MAP during both coronary exclusion and inclusion ( Fig. 2 , perfusion circuit 3).
To determine whether serotonin in the peripheral coronary segments played a role in the changes in HR and MAP observed in these experiments I injected serotonin (5-100pig) into each of the peripheral coronary cannulas. Prior to cannulation the effect of serotonin, 5 /j.g, injected through the intracoronary catheter in the LAD distal to the origin of small artery supplying blood to the chemorecptors also was recorded.
Results
There were no essential differences in the results obtained from the three perfusion circuits used and, therefore, the data from 21 experiments were pooled. Seven additional experiments were discarded for technical reasons. I made 72 comparisons of the increases in MAP following LA injections during coronary inclusion and exclusion. Although a careful analysis of the changes in HR were made before and after coronary cannulation and 
coronary exclusion was effected as in circuit 1 and coronary inclusion was induced by clamping each of the three coronary perfusion tubes at C so that the central coronary segments perfused the distal segments. In circuit 3 coronary exclusion was produced by clamping the tubes connecting the central and distal cannulas at F while MPP exceeded MA P as in circuits 1 and 2. The peripheral coronary segments were perfused at MAP from the femoral arteries (X) or the left internal thoracic artery (Y) or the left subclavian artery (Z) through the PPT. Coronary inclusion was induced by removing the clamp at F and applying clamps at D and E.
during coronary inclusion and exclusion, no consistent pattern emerged. The differences in the rise in MAP after injections of serotonin into the LA were consistent and form the basis of the conclusions drawn.
The left of Figure 1A is an example of responses recorded from five of 10 dogs after injections of serotonin, 5/xg, into the LAD catheter as it was withdrawn from near the ostium of the brachiocephalic artery into the LAD. In many dogs a marked bradycardia resulted from injections of serotonin, 5/xg, when the catheter tip was placed more centrally near the origins of the common carotid arteries (records not shown). These responses were converted to marked tachycardia and rises in MAP when the injections were repeated after withdrawal of the catheter tip toward the origin of the brachiocephalic artery. Figure 3A demonstrates the essential differences between injections of serotonin, 5 /xg, into the intracoronary catheter at the most sensitive intracoronary site and the injection of serotonin, 200 /ng, into the LA. Records B and C recorded with the use of perfusion circuit 1 show that excluding the coronary arteries (by a mean central CIRC retroperfusion flow of 130 ml/min) from the immediate effect of serotonin reduces the rise in MAP by only 25%. There was no evidence of a delay in the response time following LA injections during coronary inclusion in circuit 1. However, the delayed entry of serotonin into the central coronary segments after its passage through the aorta and perfusion circuit during coronary exclusion is shown clearly by the second rise in MAP in record C. A comparison of records D and E from another experiment FIGURE 3 Effects of injection of (5 fig serotonin) Figure 2 also recorded with the use of perfusion circuit 1 indicates that coronary exclusion (by retroperfusion at a mean rate of 90 ml/min) reduced the rise in MAP by 64% and indicates that in this dog the chemoreceptors supplied by the coronary arteries played a predominant role in the reflex. Figure 4 shows the records from two experiments in which perfusion circuit 3 was used. The responses resulting from the intracoronary and LA injections of serotonin, 5 and 200 fig, respectively , are displayed in panel A, where the rise in HR after the LA injection is striking. A comparison of panel B during coronary inclusion 1 (with a mean CIRC inflow of 30 ml/min) with panel C during coronary exclusion (with a mean retrograde CIRC flow of 125 ml/min), both registered after coronary cannulation, indicates that although the increases in MAP are essentially equal the differences in HR are striking and, therefore, cannot be explained by the cannulations themselves. Although the explanation for these changes in HR is unknown the possibility of a temporary arrhythmia in panels A and B must be considered, because arrhythmias following the injections of these large doses of serotonin are common. Figure 4D , E, and F was registered from a different experiment in which injections into the LA resulted in decreases in HR both before and after cannulation. A comparison of the rise in MAP in panel F during coronary exclusion when the mean CIRC retrograde flow was 60 ml/min with panel E shows that the aortic bodies supplied by the coronary arteries contributed only slightly to the total hypertensive response induced by the LA injections of serotonin. Table 1 shows the complex directional changes in HR in a group of dogs prior to any dissection or cannulation of coronary arteries as compared to the smaller group of 21 following coronary dissection and double cannulation. Prior to cannulation tachycardia, and tachycardia followed by bradycardia, were the most common responses. After connulation not only was the incidence of bradycardia increased but also its degree was increased (not shown in the table). The possibility that cannulation of the distal segments resulted in bradycardia instead of tachycardia because it delayed the entrance and action of serotonin in them is not supported since I failed to observe increases in HR following injections of serotonin into each of them. In addition, the lack of increases in HR following injections of serotonin through the intracoronary catheter pulled beyond the origin of the small vessel provides strong evidence that HR increases do not arise from the peripheral segments.
through an intracoronary catheter into the left anterior descending coronary artery and of injection of (200 /xg serotonin) into the left atrium (LA) before coronary cannulations (A), and of LA injections after cannulations (B and C) from one experiment, and of LA injections after cannulations in another experiment (D and E). B and D are during central coronary inclusion (i.e., the central coronary segments only are perfused from the aorta through their own ostia by the use of circuit 1 shown in
On the basis of 72 comparisons in the 21 dogs the rise in MAP during coronary inclusion ranged from 21 to 167 (avg, 85.2) mm Hg and that during coronary exclusion ranged from 20 to 117 (avg, 59.4) mm Hg. The average reduction in the rise in MAP induced by coronary exclusion was 25.7 ± 4.09 (SEM) mm Hg. A 95% confidence interval for the true average reduction resulting from coronary exclusion is 25.73 ± 8.53 mm Hg, which is significantly greater than zero (P < 0.001). Although the coronary blood supply to the receptors plays a significant role in the MAP response the average percent reduction in the rise in MAP induced by coronary exclusion is only 29.32% ± 3.95% (SEM). An approximate 95% confidence interval for the true mean percentage reduction induced by coronary exclusion is 29.32 ± 9.90%. This is below the 50% level of reduction needed to assign a tachycardia; -» = followed by; CI = coronary inclusion; CE = coronary exclusion; VOL. 41, No. 1, JULY 1977 predominant role of the coronary blood supply to the total hypertensive response. Even though the variation between dogs is considerable, in only two of 21 dogs did coronary exclusion reduce the pressor response more than 50%. In one of these a large vessel originated in the ostium of the LCA, making it impossible to determine whether it originated from the aorta or the LCA.
Discussion
Although a number of criticisms of these complex experiments may be raised I have found none that would bias the results in the direction of decreasing the importance of the coronary blood supply to the aortic bodies. The technique of retroperfusing the central 2-to 3-cm segments of all three coronary arteries with rather large volumes of blood should have prevented the immediate entrance of serotonin into any small coronary branches which supply chemoreceptors. It is believed that inclusion of the central right coronary segment was necessary on the basis of injection studies 4 and the observations (unpublished) that injections of serotonin through a right coronary catheter may result in a chemoreceptor response. The lack of dissection, traction, compression or cannulation of the central coronary segments should have prevented injury to nerves or distortion of the small vessels which might have reduced their contribution to the total response. In addition, I avoided dissection in the neck to prevent damage to the carotid bodies and vagus and aortic nerves. I likewise preserved the rate of blood flow in the brachiocephalic artery from which a considerable aortic body blood supply is delivered.
It can be argued that the large rates of retrograde flow might have diluted the serotonin in the ascending aorta and thereby reduced the response during coronary exclusion. If true, this would have increased the relative importance of the contribution of the coronary arteries in the response and strengthened the conclusion drawn from the data. That retroperfusion of the central segments was maintained at all times prior to and during the response is shown by the registered phasic retrograde flow in the central CIRC segment which remained above zero even during systole.
A full description of the action of serotonin, 200 /xg, injected into the LA before and after coronary cannulation during coronary inclusion and exclusion cannot be arrived at from these experiments. The variability of the changes in HR is not suprising in view of the various changes shown in Table 1 in the 39 dogs before coronary cannulation and from the known multiple actions of serotonin and other chemoreceptor-stimulating agents on the carotid and aortic bodies, as shown by Comroe and Mortimer 10 and Jacobs et al." its reflex and direct effects on the sinus node described by James et al., 8 and the ususal development of tachycardia during long-term experiments. In experiments not included in this series an explanation for the variability of the changes in HR was sought unsuccessfully by altering the speed of the LA injections, dissecting and compressing the three coronary arteries, changing the time intervals between injections, and by using delay coils in the carotid arteries. 10 However, in our experience primary increases in HR are almost universal following injections of serotonin, 5 fxg, at sensitive sites in the coronary arteries and aorta. 6 It is likely that the inability of James et al. 8 to produce large hypertensive responses by injecting serotonin, 200 fig, into the root of the aorta was due to axial flow 12 which swept the serotonin away from the aortic and/or brachiocephalic origins of the chemoreceptor blood supply. This concept is consistent with our own (unpublished) observations and those shown in Figure 1 A) that even serotonin, 5 /ng, deposited at a specific site can result in large increases in MAP and often HR which can be completely or largely eliminated by slight changes in the position of the catheter.
This reevaluation of the role of the aortic bodies supplied by the coronary arteries in the total response induced by the left artrial injection of serotonin, 200 fxg, in adult dogs leads to the conclusion that although these chemoreceptors are a significant factor in the response they do not play a predominant role.
Finally, James et al. 8 have postulated that the receptors near the left coronary artery in man may have clinical importance during attacks of angina pectoris and cardiac surgery. However, there is no evidence thus far that their function is similar to that in the adult dog in which definite short-term reflex effects 4 have been demonstrated following occlusion of their coronary blood supply.
